We have analysed a sample of 25 extremely red H − [4.5] > 4 galaxies, selected using 4.5 µm data from the Spitzer SEDS survey and deep H-band data from the Hubble Space Telescope (HST) CANDELS survey, over ∼180 arcmin 2 of the UKIDSS Ultra Deep Survey (UDS) field. Our aim is to investigate the nature of this rare population of mid-infrared (mid-IR) sources that display such extreme near-to-mid-IR colours. Using up to 17-band photometry (U through 8.0 µm), we have studied in detail their spectral energy distributions, including possible degeneracies in the photometric redshift/internal extinction (z phot −A V ) plane. Our sample appears to include sources of very different nature. Between 45% and 75% of them are dust-obscured, massive galaxies at 3 < z phot < 5. All of the 24 µm-detected sources in our sample are in this category. Two of these have S(24 µm) > 300 µJy, which at 3 < z phot < 5 suggests that they probably host a dust-obscured active galactic nucleus (AGN). Our sample also contains four highly obscured (A V > 5) sources at z phot < 1. Finally, we analyse in detail two z phot ∼ 6 galaxy candidates, and discuss their plausibility and implications. Overall, our red galaxy sample contains the tip of the iceberg of a larger population of z > 3 galaxies to be discovered with the future James Webb Space Telescope.
INTRODUCTION
The discovery of new galaxy populations at high redshifts (z > 3) is one of the most exciting goals of deep galaxy surveys. Currently, rapid progress is being made in this field, thanks to several deep multi-wavelength surveys that are being conducted with world-class groundbased and space telescopes. These new galaxy surveys can potentially make a breakthrough in the field by: i) discovering galaxies beyond the maximum known galaxy redshift limit; ii) revealing a previously unrecognised galaxy population whose properties are significantly dif-ferent to those of other known galaxies at similar redshifts. The latter is crucial to achieve an unbiased view of how galaxy evolution proceeded over the first few billion years of cosmic time.
The selection of galaxies with very red near-IR/optical colours has proven very useful to identify the high-z tail of different galaxy populations. This is the underlying selection technique of what are traditionally called extremely red galaxies, i.e. galaxies with I − K > 4 or R − K > 5 Vega mag (e.g. Roche et al. 2003; Brown et al. 2005) , whose redshift distribution is confined to z > ∼ 1 (Caputi et al. 2004) . Another kind of near-IR colour cut (J − K > 2.3 Vega mag) has been applied to select 'distant red galaxies' at z ∼ 2 − 3 (Franx et al. 2003) . The basis of these colour techniques lies in bracketing the galaxy 4000Å break, which is shifted into the observed near-IR bands at z > ∼ 1.5, although it is known that similar colours can also be displayed by galaxies with highly reddened spectral energy distributions (SEDs) (see e.g. Smail et al. 2002; Papovich et al. 2006; Fontana et al. 2009 ). Optically obscured sources selected at mid-IR wavelengths have also been identified as z > ∼ 2 galaxies (Houck et al. 2005; Dey et al. 2008) .
At z > 3, the 4000Å break is shifted to wavelengths λ > 1.6 µm, implying that the potentially oldest and/or dustier galaxies at those redshifts could be missed even by deep near-IR surveys. This is indeed the case for the sub-millimetre source GN10 (Wang et al. 2007) , which has no near-IR counterpart down to a magnitude of K s ≈ 27 (AB), but is detected at mid-IR wavelengths λ ≥ 3.6 µm. Very recently, Huang et al. (2011) reported the existence of four galaxies of a similar kind, selected with the Spitzer Space Telescope Infrared Array Camera (IRAC; Fazio et al. 2004 ). These galaxies have colours H − [3.6] > 4.5 (AB), and their SED fitting suggests that they lie at z ∼ 4 − 6.
In this work we have undertaken a combined analysis of the Spitzer Extended Deep Survey (SEDS; Ashby et al. 2012, in preparation) with the HST Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CAN-DELS; Grogin et al. 2011; Koekemoer et al. 2011) , to search for extremely red H − [4.5] > 4 (AB) galaxies over ∼180 arcmin 2 of the UKIDSS UDS field. Our aim is to study the variety in composition of this colourselected galaxy population, and investigate the existence of high-z galaxy candidates. All magnitudes and colours quoted in this paper are total and refer to the AB system (Oke & Gunn 1983) , unless otherwise stated. We adopt a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7. All stellar masses refer to a Salpeter (1955) initial mass function (IMF) over stellar masses (0.1 − 100) M ⊙ .
MULTI-WAVELENGTH DATASETS AND SAMPLE

SELECTION
The Warm Spitzer/IRAC SEDS survey has mapped five different fields of the sky at 3.6 and 4.5 µm, over a total area of 0.90 deg 2 , with an integration time of 12 hours/pointing. In this work we analyse the ∼180 arcmin 2 of the SEDS UDS field that overlap the HST CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011) , which comprises observations with the Wide Field Camera 3 (WFC3) F125W (J) and F160W (H) filters, and the Advanced Camera for Surveys (ACS) F606W and F814W filters.
The UDS field also benefits from multi-wavelength ancillary data, including UV and optical data from Subaru and the Canada-France Hawaii Telescope (CFHT), near-IR data from the UK Infrared Telescope (UKIRT), and shallower Spitzer data from the SpUDS Legacy Survey (P.I. Dunlop). We have used all these datasets to constrain the SEDs of our H − [4.5] > 4 selected galaxies, whenever possible.
We have extracted a source catalogue from the IRAC SEDS/UDS 4.5 µm image using the software SEXTRAC-TOR (Bertin & Arnouts 1996) following a similar procedure as that described in Caputi et al. (2011) . As in this previous work, we have performed simulations and determined that the 80% completeness limit of our IRAC SEDS/UDS 4.5 µm catalogue corresponds to a magnitude [4.5]=23.9. This limit is 1.5 mag deeper than the 80% completeness limit of the SpUDS 4.5 µm catalogue (Caputi et al. 2011 ). We measured 3.6 µm photometry for the IRAC SEDS 4.5 µm sources using SEXTRAC-TOR in dual-image mode. All our IRAC magnitudes have been obtained from 4 arcsec-diameter aperture magnitudes plus aperture corrections (≈ −0.30 mag).
Independently, we have extracted a source catalogue from the CANDELS WFC3 H-band map, and measured photometry on the ACS F606W and F814W, and WFC3 F125W maps using SEXTRACTOR in dual-image mode. The depth of the CANDELS/UDS H-band map is of H ≈ 27.1 mag (5σ; Grogin et al. 2011 ). All our HST magnitudes are obtained from 2 arcsec-diameter aperture magnitudes with very small (≈ −0.05 mag) aperture corrections. 2.1. H − [4.5] > 4 galaxies in the SEDS/CANDELS UDS field We have searched for counterparts to our IRAC SEDS [4.5]≤23.9 sources in the CANDELS H-band-selected catalogue, within a matching radius r = 1.5 arcsec. We restricted our analysis to the IRAC SEDS sources within the 4.5 µm catalogue 80% completeness limit simply to have sufficient colour range to identify extremely red sources. For the identifications, we have used the entire H-band catalogue with no magnitude cut.
After excluding sources with contaminated photometry in the proximity of bright stars, we have identified 25 IRAC SEDS sources with single CANDELS counterparts within r = 1.5 arcsec radius and colours H − [4.5] > 4. Note that the excellent SEDS/CANDELS relative astrometry means that, in practice, our sources are identified within a radius r < ∼ 0.5 arcsec, but inspecting a r = 1.5 arcsec circular area has allowed us to eliminate cases of blended photometry.
We have also visually inspected our IRAC SEDS sources that do not have a counterpart in the CANDELS maps. There are 18 4.5 µm sources (also detected at 3.6 µm) which are truly near-IR 'dropouts' at the depth of the CANDELS images. We note that, given the depths of the SEDS 4.5 µm and CANDELS maps, some of these near-IR dropouts might not strictly have H − [4.5] > 4 colours. Nonetheless, we will include them all in the discussion presented in Section §4.
We note that the extremely red near-to-mid-IR colours (H − [4.5] > 4) of our galaxies cannot be produced by M, L or T-type dwarf stars (Cushing et al. 2005; Rayner et al. 2009 ), which instead can display extremely red optical-to-near-IR colours (e.g. Stern et al. 2007 ).
ANALYSIS OF THE CANDELS-DETECTED
H − [4.5] > 4
GALAXIES
We have compiled up to 17-band photometry (U through 8.0 µm) for our 25 CANDELS-detected H − [4.5] > 4 galaxies, in order to model their SEDs, and constrain their redshifts and derived parameters. The shallow SpUDS 5.8 and 8.0 µm data were included when available, which in some cases helped mitigate degeneracies in parameter space. For the SED modelling we have used a customised χ 2 -minimisation SED-fitting code with a library that included synthetic stellar tem-plates from the 2007 version of the Bruzual & Charlot models (Bruzual & Charlot 2003; Bruzual 2007) , with solar metallicity, and two empirical templates of a type-2 QSO and a QSO/star-forming composite galaxy from the library by Polletta et al. (2006) . To account for internal extinction, we have convolved the stellar templates with the Calzetti et al. (2000) reddening law, allowing for 0.0 ≤ A V ≤ 8.0 with a step of 0.1. In the case of nondetections, we have not allowed for any modelled SED that produced a flux above the ∼ 70% completeness detection limit in the corresponding waveband.
An assessment of the photometric redshift quality for galaxies in our parent 4.5 µm sample has been presented in Caputi et al. (2011) : the overall dispersion is 5%, and ∼ 12% for the z > 2 sources. An important difference with respect to this paper is that we now include the deep CANDELS data, which makes possible the identification and analysis of the H − [4.5] > 4 sources.
We show examples of our SED fitting results in Fig. 1 . Not surprisingly, in most cases the best-fitting solutions are degenerate in z phot −A V space, i.e. there are different z phot −A V combinations within 3σ confidence of the minimum χ 2 value. In spite of this, the best-fitting solutions can be well identified in 17 out of our 25 H − [4.5] > 4 galaxies. For the remaining eight, the resulting SEDs are 'unconstrained', i.e. the fitting degeneracies are so strong that the z phot probability density is virtually flat, so we cannot derive any clear redshift estimates. We provide the coordinates and photometry of all our sources in Table 1 . The 17 sources with constrained SEDs can be classified in the following groups.
3.1. Galaxies at 3 < z phot < 5 This is the largest group within our sample: eleven out of 25 sources appear to be at 3 < z phot < 5, with extinction values in the range 1.1 ≤ A V ≤ 4.2 (see examples in Fig. 1 ).
We found that six out of the eleven 3 < z phot < 5 galaxies are detected in the SpUDS 24 µm images. For all these galaxies the best-fitting SED models are obtained with stellar templates rather than the empirical QSO2 or composite templates (and the latter solutions are excluded with 3σ confidence). However, two of them have 24 µm flux densities S(24 µm) > 300 µJy, which strongly suggests that these galaxies could host obscured AGN (Caputi et al. 2007; Desai et al. 2008) . The IRAC colours place one of them within the AGN region empirically determined by Stern et al. (2005) , and the other one very close to it.
The derived stellar masses of our 3 < z phot < 5 sources range between M ∼ 10 11 and 2 − 3 × 10 12 M ⊙ (divide by ∼ 1.7 for a Chabrier (2003) IMF). The two most massive galaxies are also the two brightest 24 µm sources, which suggests that their rest-frame optical/near-IR light could be contaminated by an AGN component.
3.2.
Extremely dusty sources at 0.7 < z phot < 1 The SEDs of four H − [4.5] > 4 galaxies have bestfitting photometric redshifts 0.7 < z phot < 1, with very high extinction values A V ≥ 5.0. All of them are detected in the shallow SpUDS four-band IRAC maps, and the 5.8 and 8.0 µm photometry is crucial to decide on a best-fitting solution in these cases. None of these sources is detected at 24 µm. This fact is not surprising, given that the depth of the SpUDS 24 µm images does not allow to detect dusty infrared normal galaxies at z ∼ 1. Although they are very obscured, the best-fitting SEDs of these sources imply that they have stellar masses M < ∼ 10 10 M ⊙ , so it is unlikely that they could display large mid-infrared luminosities (Caputi et al. 2006 ).
3.3. z phot ∼ 6 galaxy candidates Within our H − [4.5] > 4 sample, we find two possible z phot ∼ 6 galaxy candidates (Fig. 2) . For source #32316, we obtain best-fitting values z phot = 6.30 For these two sources, lower z solutions cannot be excluded within 2 σ confidence, but the high-z solutions are systematically preferred after re-doing the fitting on 100 random variations of each galaxy SED within the photometric error bars. Instead, random photometric variations applied to the lower-z phot candidates yield that z phot > ∼ 6 solutions are rare (at most 10-15% of the realisations in only six cases). By integrating the marginalised probability density distributions P (z phot ) versus z phot (Fig. 3 , bottom panels) we obtain P (z phot > 5) = 0.52 for #32316, and P (z phot > 5) = 0.75 for #33282.
We note that, although these sources are formally nondetections on the ground-based near-IR images, we have manually measured the K s -band fluxes at the position of their IRAC centroids, as the K s -band photometry is crucial to constrain the 4000Å break in z ∼ 5 − 6 sources. Also, we have independently checked the K sband photometry in the recently obtained Very Large Telescope Hawk-I images for the CANDELS/UDS field (P.I.: Fontana).
Both z phot ∼ 6 candidates are detected in the SpUDS images at 5.8 and 8.0 µm, but neither of them is detected at 24 µm. We note that, if we model the SEDs of these galaxies excluding the 5.8 and 8.0 µm photometry, high-z solutions are also preferred, albeit with stronger degeneracies in z phot − A V space.
We investigated the use of alternative reddening laws to fit the SEDs of our z phot ∼ 6 candidates. We find that . Top: the z phot ∼ 6 best-fitting SED (solid line) compared to the z phot < 2, secondary possible SED (dashed line). Middle: 1,2 and 3σ confidence levels on the z phot − A V plane, around the solution producing the minimum χ 2 value. For #33282 all the shown high-z solutions appear at A V = 0 because they correspond to a QSO2 template for which we do not consider any extra extinction, and high-z solutions with normal galaxy templates are beyond the 3σ level, so do not appear in this plot. Bottom: Marginalised probability density P (z phot ) versus z phot .
the Small/Large Magellanic Clouds and Milky Way laws produce higher χ 2 values. Instead, the empirical attenuation curve proposed by Gallerani et al. (2010) yields slightly smaller minimum χ 2 values than the Calzetti et al. law, and also favours high-z solutions.
The best SED fitting for #32316 is achieved with a 0.5 Gyr-old stellar template (the age of the Universe at z = 6 is ∼ 0.9 Gyr). The derived stellar mass is ≈ 3 × 10 11 M ⊙ (∼ 1.7 × 10 11 M ⊙ with a Chabrier (2003) IMF). We discuss the implication of such a large stellar mass in Section 5. Nevertheless, note that it should be taken with caution, as even the observed 4.5 µm band only traces the rest-frame optical galaxy light at z ∼ 6.
NEAR-/MID-IR COLOUR-COLOUR DIAGRAMS
As a summary, it is very instructive to see the location of all our H − [4.5] > 4 sources in different near-/mid-IR colour-colour diagrams (Fig. 4) . Our CANDELSdetected extremely red sources display 4 < H − [4.5] < 6 colours. It is particularly noteworthy that the two z phot ∼ 6 candidates are actually at the limit of our colour cut: both have 4.0 < H − [4.5] < 4.3. These sources appear more unambiguously discriminated in the bottom panel of galaxies, so they likely are at these redshifts as well.
Three out of four of the sources analysed by Huang et al. (2011) display redder H − [4.5] colours than the sources analysed here. This is the consequence of the different colour selection applied by these authors (H − [3.6] > 4.5). In turn, we do not have any source with H − [4.5] > 6 because we do not have sufficient colour range, given the relative depths of the SEDS 4.5 µm and CANDELS H-band catalogues.
From the bottom panel of Fig. 4 , we see that our H − [4.5] > 4 sources form an orthogonal sequence in the K s − [3.6] versus H − K s colour-colour diagram with respect to IRAC power-law AGN (Donley et al. 2012) , most of which have bluer near-IR colours.
Although we have included our 4.5 µm sources that are H-band dropouts in Fig. 4 , unfortunately the [3.6] − [4.5] colours alone are not able to constrain the nature of these sources. We note, however, that their [3.6] − [4.5] colour distribution is quite similar to that of our CANDELSdetected sources, so we expect a similar variety in their nature.
DISCUSSION
The CANDELS-detected H − [4.5] > 4 galaxy population analysed here appears to be composed of different kinds of sources, and their extremely red near-to-mid-IR colours can be produced by different combinations of redshifts and internal extinction values.
At least 45% of our CANDELS-detected, H − [4.5] > 4 sources are dust-obscured, massive galaxies at 3 < z phot < 5, similar in nature to the sub-millimetre source GN10. This percentage would be as high as 75% if the eight sources with an unconstrained SED were also at 3 < z phot < 5. Two of them are powerful 24 µm sources, which indicates that they likely host an obscured AGN. The four sources analysed by Huang et al. (2011) have similar properties. Rodighiero et al. (2007) also studied similar galaxies within their IRAC-selected sample with faint near-IR counterparts, although formally the vast majority of their sources display bluer H − [4.5] colours than those characterising our sample.
Within our H − [4.5] > 4 galaxy population we have also found two possible z phot ∼ 6 candidates. However, alternative low-z solutions cannot be discarded within 2σ confidence, so we cannot confirm the high-z nature of these sources. In spite of this, we note that our two sources are more likely true z phot ∼ 6 galaxies than the IRAC high-z candidates analysed by other authors (Mobasher et al. 2005; Wiklind et al. 2008 ), as our objects are considerably fainter in the IRAC bands and are not detected in the SpUDS 24 µm images.
For the z phot ∼ 6 candidate that is best-fitted with a stellar template, we estimate a stellar mass of ∼ 3 × 10 11 M ⊙ (∼ 1.7 × 10 11 M ⊙ with a Chabrier (2003) IMF). This value is significantly higher than the stellar masses derived for more typical galaxies at such high redshifts.
The presence of massive galaxies at z ∼ 6 in a small cosmological volume is difficult to reconcile with the predicted comoving number density of dark-matter haloes that would be able to host such galaxies. According to the Sheth & Tormen (1999) formalism, the number density of M > 10 13 M ⊙ haloes at z ∼ 6 is only 10 −9 Mpc −3 , three orders of magnitude smaller than the density of our two z phot ∼ 6 candidates over the SEDS/CANDELS field. However, the predicted number density of haloes with M > 10 12.5 M ⊙ is 10 −7 Mpc −3 , which means that different uncertainties in e.g. the derived stellar masses, the IMF, and/or the assumed baryon conversion fraction could make that these discrepancies are actually less dramatic.
We note that such large stellar masses have been suggested for confirmed z ∼ 6 quasars. Particularly, Valiante et al. (2011) argued that the observed dust mass and metallicity of SDSS J1148+5251 (z = 6.4) can only be reproduced with a standard IMF if the stellar mass is of ∼ 1 − 5 × 10 11 M ⊙ . Instead, reconciling the chemical properties of this quasar with smaller stellar masses requires a top-heavy IMF. Although SDSS quasars are much rarer than our two sources, this argument suggests that one cannot reject high-z candidates only on the ground of large derived stellar masses.
Recently, based on the analysis of the 1.5 mag shallower SpUDS IRAC data, Caputi et al. (2011) studied the presence of massive galaxies at high redshifts and found only a few candidates at z phot > 5. Our finding of two possible galaxy candidates at z phot ∼ 6 in the SEDS IRAC maps would suggest that deeper mid-IR data is essential to properly constrain the presence of massive galaxies at z > 5. The two z phot ∼ 6 candidates found here are detected in the SpUDS images, but were among the ∼8% of faint ([4.5] > 22.4 mag) SpUDS IRAC sources not analysed by Caputi et al. (2011) due to the lack of any near-IR identification at that time.
Our z phot ∼ 6 candidates are so faint at near-IR magnitudes that their spectroscopic confirmation is beyond the capabilities of any existing near-IR spectrograph. Instead, the internal extinctions of these galaxies suggest that they could be far-IR sources, and thus the Atacama Large Millimetre Array (ALMA) could currently offer the only possibility to confirm their high z.
Overall, we conclude that our red galaxy sample shows the tip of the iceberg of a previously unrecognised z > 3 galaxy population, which will only be fully revealed with the advent of the Mid-Infrared Instrument (MIRI) on the future James Webb Space Telescope (Wright et al. 2004) . 
